Objectives: Neurodynamic exercises aim to improve neural mechanosensitivity in order to promote pain-free movement and function. People with diabetes mellitus (DM) may be candidates for neurodynamic exercises to address common DM-related impairments such as reduced lower extremity range of motion (ROM) and altered neural mechanosensitivity. However, no studies have examined the safety and immediate effects of neurodynamic exercise in people with DM. This study aims to determine the feasibility of applying neurodynamic exercises in adults with DM by evaluating the rate of adverse events and quantifying immediate changes in straight leg raise (SLR) ROM. Methods: This quasi-experimental study included 20 people with DM who performed a series of neurodynamic exercises on their right leg. Their left leg was used as an internal control. SLR testing was performed before and immediately after these exercises. Adverse events were monitored, including provocation of their neuropathy symptoms or discomfort or pain. Results: All participants completed the neurodynamic exercises without provocation of their neuropathy symptoms. No pain was reported and only one participant had minor discomfort with one exercise; a <30-s calf cramp. The right SLR ROM increased by an average of 5.2°-5.3° (p < 0.01) with no change on the left. Discussion: This study demonstrated that lower extremity neurodynamic exercises are safe in adults with DM and may create small immediate improvements in SLR testing. Further research is indicated to investigate the safety and efficacy of neurodynamic exercises performed over multiple sessions. Level of evidence: 3b
Introduction
Neurodynamic exercises use specific combinations of spine and limb movements that aim to reduce nerve mechanosensitivity and restore symptom-free limb movement and function. 1, 2 Current evidence supports using neurodynamic exercises to treat increased nerve mechanosensitivity in patients with neck-arm pain and low back-leg pain. [3] [4] [5] [6] Since 21 million people in the United States have been diagnosed with diabetes mellitus (DM), 7 many patients referred to physical therapy with musculoskeletal diagnoses will have this common comorbidity of DM. 8 However, our understanding of responses and tolerance to neurodynamic exercises in adults with DM is limited.
DM has been proposed as a precaution for treatment with neurodynamic exercises. 2 Alterations in lower extremity nerve biomechanics and neurodynamic test findings in people with DM provide some support for this proposal.
Specifically, adults with DM, both with and without the presence of diabetic peripheral neuropathy (DPN), demonstrated less nerve movement during ankle dorsiflexion in varied hip positions that mimic the straight leg raise (SLR) compared to healthy controls. 9, 10 Additionally, adults with DM may be less responsive to progressive increases in mechanical loading of neural tissues during the SLR. 11 When neural tissues are loaded to a greater degree during the SLR by dorsiflexing the ankle prior to flexing the hip, healthy individuals exhibit less hip flexion range of motion (ROM). [12] [13] [14] This decrease in hip flexion ROM is thought to be a protective response to the increased neural tissue load. 13, 14 However, the protective response to ankle dorsiflexion preceding hip flexion during SLR was diminished in people with DM regardless of the presence of DPN and was absent in people with DM with signs of severe DPN. 11 Additionally, adults with DM often have reduced lower extremity mobility that may impact their health status. [15] [16] [17] For example, reduced ankle mobility is commonly
Correspondence to: Benjamin S. Boyd, Department of Physical Therapy, Samuel Merritt University, 450 30th Street, Oakland, CA 94609. Email: bboyd1@samuelmerritt.edu associated with DM [16] [17] [18] and may be a risk factor for developing diabetic foot ulcerations 19, 20 that in turn significantly elevate the risk for morbidity (e.g. amputations) and mortality. 21, 22 Reductions in limb mobility may be related to non-neural structures (i.e. fascia, muscles, and joints) or to neural structures due to increased mechanosensitivity. The latter may be amenable to neurodynamic exercises. However, it is unclear if people with DM can tolerate neurodynamic exercises and if this intervention is safe and appropriate for this population, regardless of the presence of DPN. Recognition of mobility impairments and understanding responses to neurodynamic exercises in adults with DM is important in designing treatments that are not only efficacious but are also safe. However, no study to date has examined the immediate effects and safety of neurodynamic exercises in people with DM.
Therefore, this study aimed to determine the safety of applying neurodynamic exercises in adults with DM by evaluating (1) the rate of adverse events, including symptom provocation and (2) the immediate changes in lower limb ROM as measured by the SLR neurodynamic test after a series of active neurodynamic exercises. This study will provide much needed information regarding the safety of performing neurodynamic exercises in adults with DM.
Materials and methods

Study design
This was a quasi-experimental study investigating the feasibility and safety of providing neurodynamic exercises to people with DM. Study participants attended one session that consisted of a series of five neurodynamic exercises. Occurrence of adverse events was assessed during and after the intervention. Neurodynamic testing was assessed before and immediately after the intervention. All participants performed the interventions on their right lower extremity and received no direct intervention to their left lower extremity, which acted as the within-participant comparison control. Neither the examiner nor the participants were blinded as to which limb received the intervention. However, SLR mobility results were withheld from the participant until the end of the session to minimize biasing the outcome by knowledge of performance.
Participants
A sample of convenience was recruited through local print, electronic, and radio advertisements. Participants were required to be at least 18 years old and have a medical diagnosis of DM (type 1 or type 2). It was required that all participants had <12% on their most recent HbA1c test (within past 3 months) and a blood glucose level between 100 and 250 mg/dL at the time of participation based upon Mayo Clinic guidelines for safe exercise. 23 Additional inclusion criteria required bilateral ROM of at least 0-90° hip flexion, 0-90° knee flexion, and ankle motion from 0° dorsiflexion to 30° plantar flexion. The presence of neuropathy was not required for participation in this study as DM was the main risk factor of interest. Potential participants were excluded if they had chemical, drug, or alcohol dependency; medical diagnosis of a herniated disk in the back; trauma to the nerves of the lower extremity; current neck or low back pain; history of lumbar surgery; chemotherapy use within the past year; complex regional pain syndrome; lower extremity amputations proximal to the metatarsophalangeal joint; open wounds; infection in the lower limbs; or were currently pregnant. Informed consent was obtained prior to enrolling participants in the study. The Institutional Review Board at Samuel Merritt University approved this study. The participants in the present study were also evaluated for tibial nerve mobility using ultrasound imaging which has been previously reported elsewhere. 10 
Clinical examination procedures
After obtaining informed consent, an ACCU-CHEK Aviva glucose meter (Roche Diagnostics, Indianapolis, IN) determined finger capillary blood glucose levels to insure that all participants met this specific eligibility requirement. Participants provided demographic and general health information and completed the self-report Modified Baecke Questionnaire (MBQ), which is a valid and reliable tool to quantify physical activity level with common work, leisure, and sport-related activities. 24 Height, weight, and body mass index (BMI) were determined.
Three examinations were performed to characterize the severity of peripheral neuropathy (if present): vibration perception threshold (VPT), the Michigan Neuropathy Screening Instruments (MNSI), and the Michigan Diabetic Neuropathy Score (MDNS). VPT testing was performed bilaterally on the distal hallux using a biothesiometer (60 Hz; Bio-Medical Instruments Company, Newbury, OH, USA). The amplitude of vibration was slowly increased from 0 to 50 V and the participant indicated the moment they first felt the vibration sensation, which was considered their VPT. 11 The average score of two repetitions on each limb was recorded (Table 1) . Detailed procedures for the MNSI and MDNS are described elsewhere. [25] [26] [27] [28] The instruments consist of a multimodal clinical examination of nerve function including sensory testing (monofilament, tuning fork, and sharp-dull discrimination), muscle strength testing, deep tendon reflex testing, and visual assessment of the feet. Higher scores on the MNSI (scale of 0-8) indicate signs of neuropathy with a normal range of 0-2. 27, 28 The MDNS (scale of 0-46) has a scale for grading neuropathy severity, with 0-6 indicating no neuropathy, 7-12 indicating mild neuropathy, 13-29 indicating moderate neuropathy, and 30-46 indicating severe neuropathy. 28 
Intervention procedures
Five separate neurodynamic exercises were performed in a comfortable right side-lying position on a padded mat. Pillows and folded towels supported the participant's neck and limbs in a comfortable position and assured The exercises included ankle, knee, and/or neck sagittal plane motions performed in various hip and knee positions. Each neurodynamic exercise was performed in a cyclical fashion where each end alternated between tension and slackening ( Figure 1 and Supplemental Video). This series of neurodynamic exercises were selected to gradually and progressively preposition the participant into an increasing amount of preloading of the posterior neural structures 32, 33 by introducing hip and knee positions that are components of the SLR test. The participant performed all movements actively with instructions to create as large a motion as possible without provoking discomfort. If symptoms or discomfort were provoked, the exercise was modified by reducing the ROM to allow movement without symptom provocation.
One to two initial trials were performed to assure the participant understood how to perform each movement combination. The participant was then instructed to perform each exercise for 30 s at a slow and comfortable pace of 1 repetition per ~3-4 s. The participants rested for 60 s between each exercise. The total duration of the interventions was approximately 10 min.
Adverse events
In participants with neuropathy, adverse events included any reproduction or exacerbation of the participant's neuropathy symptoms. For all participants, any reported discomfort or pain from the neurodynamic exercises was also considered an adverse event. Participants described the quality, location, and time to resolve or return to baseline for all neuropathic symptoms or other sensory responses they experienced. Symptoms of stretch or tightness during the SLR testing or during the exercises were not considered to be adverse events as long as the sensation was directly associated with movements into a specific position and resolved immediately once out of that position.
Neurodynamic testing
The SLR test was used to assess pre-intervention to post-intervention changes in ROM. The participant was positioned in supine on a padded plinth with a standardized 2.5 cm foam pad for head support. Two variations of SLR were performed. 11, 13, 34, 35 The participant's ankle was manually placed in full dorsiflexion and then again in full plantar flexion as determined by end range resistance by the examiner. A handheld inclinometer was placed on their anterior leg just distal to the tibial tuberosity. The pelvis was not stabilized during SLR testing to mimic clinical examination procedures. The passive SLR (hip flexion with knee in full extension) was performed up to the point that the participant indicated the first onset of any symptoms or sensory response. The motion was held at that position for 5 s to obtain a measure from the inclinometer and to allow the participant to report any symptoms or sensory responses. Then, the limb was slowly returned to the start position followed by a two-minute rest period between measurements. The handheld inclinometer has excellent reliability and validity when used for SLR testing compared to a highly precise digital inclinometer in healthy individuals. 34 To determine the measurement properties of handheld inclinometer in this study, two measurements were performed on each limb before the intervention was applied. The second pre-intervention measurement was used to compare to a single post-intervention measurement of SLR mobility.
Statistical analysis
Power analysis revealed that at least 19 participants were needed to detect an anticipated 10° ROM difference between experimental and control limbs after intervention (15° standard deviation) with 80% power and an alpha of 0.05. Thus, 20 participants were recruited for the present study. Descriptive statistics and frequency 
Adverse events
There was only one minor adverse event during this study. No participants reported reproduction or exacerbation of their neuropathy symptoms with any of the neurodynamic exercises. In addition, no participants reported any pain during any of the exercises. Only one participant reported discomfort during one of the exercises (exercise #4). He experienced a calf cramping sensation after performing the seventh repetition of the movement. The exercise was discontinued, and the cramping sensation completely resolved within 30 s of moving out of that position. The participant was able to continue with the remaining exercises without any return of this or any other symptom. There were no reports of any sensory responses during the first four exercises (other than the one participant mentioned above). During the fifth exercise, more than half of the participants (55%; n = 11) reported a stretching sensation in the posterior knee (25%; n = 5), calf (30%; n = 6), and plantar aspect of the foot (10%; n = 2) when they moved into ankle dorsiflexion and neck extension. For these participants, this sensation was directly associated with movement into this position and resolved immediately when they moved out of that position and did not stop them from comfortably performing all repetitions of this exercise. No participants reported symptoms or residual sensory responses after completing the exercises and the final rest period.
SLR neurodynamic testing
The general linear model for repeated measures demonstrated significant side by time effects such that the right limb demonstrated significantly greater ROM after the intervention for PF/SLR (p = 0.002) and DF/SLR (p < 0.001). Figure 2 demonstrates the ROM during both versions of the SLR before and after the intervention. Specifically, the PF/SLR ROM was 51.5° (SD: 14.6°) on the left (control) limb and 49.4° (SD: 14.8°) on the right (experimental) limb (paired t-test; p = 0.262) prior to intervention. After the intervention, the PF/SLR on the left was 51.5° (SD: 13.3°) which was not significantly changed from pre-intervention levels (paired t-test; p = 0.828). In contrast, the PF/SLR on the right increased to 54.6° (SD: 16.8°) from pre-intervention levels (paired t-test; p < 0.001). This represents a 5.2° (SD: 5.3°; 95%CI: 2.7°, 7.7°) improvement on the right (experimental) side where
Results
Twenty participants were enrolled and completed all testing. Participant demographic and clinical characteristics are presented in Table 1 . This sample included individuals with signs of mild-to-moderate neuropathy, many of whom had significant risk for developing ulcerations due to their diabetic neuropathy. Specifically, MNSI scores were in an abnormal range (>2/8) in 70% of participants (n = 14) and MDNS scores indicated 35% of participants (n = 7) had no signs of neuropathy but that 20% (n = 4) had signs of mild and 45% (n = 9) had signs of moderate neuropathy. 27, 28 The VPT scores indicated that 50% of the participants (n = 10) had an intermediate risk (16-24 V) to high risk (≥25 V) for developing diabetic ulcerations. 37 
Measurement properties of handheld inclinometer
Repeated measures of PF/SLR and DF/SLR with the handheld inclinometer demonstrated excellent intra-session, intra-rater, test-retest reliability, and low measurement error ( Table 2 ). The MDC 95 was less than 2° for both limbs and both SLR test variations. Thus, differences of 2° or more between pre-intervention and post-intervention measurements were considered beyond measurement error and representative of real change in SLR mobility.
Neurodynamic exercise
All participants were able to complete the exercise interventions. The initial 1-2 training trial movements were included in the exercise analysis as they contributed to overall time and ROM utilized during each exercise phase. The average time spent performing exercise #1 was 43.5 s (SD 15.7 s) with 7.3 (SD: 2.9) repetitions. For exercise #2, this was 38.4 s (SD 6.9 s) with 8.2 (SD: 2.5) repetitions. For exercise #3, this was 42.6 s (SD 10.4 s) with 8.6 (SD: 1.8) repetitions. For exercise #4, this was 37.0 s (SD 4.5 s) with 9.5 (SD: 3.3) repetitions. For exercise #5, this was 40.6 s (SD 8.5 s) with 9.5 (SD: 3.0) repetitions. The variability in time and number of repetitions within and between each exercise represents differences between participants in the number of trials needed to learn the movement, the speed chosen to adequately coordinate the movement, and the available ankle (exercises #1, 2, 4, and 5) and knee ROM (exercise #3). On average, total time spent by participants performing all of the neurodynamic exercises was 187.6 s (SD: 36.8). 
Discussion
This is the first study to our knowledge to show that a single session of neurodynamic exercises can be administered safely in adults with DM. There were no significant adverse events associated with a single session of neurodynamic exercises in our sample. None of the participants with documented neuropathy experienced a provocation of their symptoms with these exercises. None of the participants (regardless of neuropathy status) experienced pain during the exercises, and only one reported discomfort in the form of a calf cramp that resolved quickly upon ceasing that specific exercise. That participant completed the remaining exercises without any further discomfort. A sensation of stretching was noted frequently with the last of the exercises (#5), but this sensory response was transient and directly associated with movement into ankle dorsiflexion with neck extension and resolved immediately when participants moved out of that position. None of the participants that felt this stretching sensation required any modifications to the neurodynamic exercises. After completing the exercises, no participants reported symptoms or residual sensory responses provoked by the exercises. In addition, subsequent SLR testing after performing neurodynamic exercises did not alter sensory responses and did not trigger neuropathic symptoms compared to pre-intervention testing. The sensory responses provoked during the SLR tests were similar to previous studies in people with type 2 DM 11 and healthy, asymptomatic people without diabetes. 13 SLR ROM data after the intervention provide further support for the safety of neurodynamic exercises 70% (n = 14) of the participants experienced an increase in PF/SLR ROM of at least 2° (threshold based upon the MDC 95 ). In contrast, using this same MDC threshold, 40% (n = 8) of the participants experienced an increase in PF/ SLR ROM on the left (control) side.
The DF/SLR mobility demonstrated a similar sidespecific response to these neurodynamic exercises. Before the intervention the DF/SLR ROM to the first onset of symptoms was 42.0° (SD: 13.3°) on the left (control) limb and 42.1° (SD: 14.1°) on the right (experimental) limb (paired t-test; p = 0.967). After the intervention, the DF/ SLR on the left was 43.1° (SD: 12.4°) which was not significantly changed from pre-intervention levels (paired t-test; p = 0.574). In contrast, the DF/SLR on the right increased to 47.3° (SD: 15.0°) from pre-intervention levels (paired t-test; p < 0.001). This represents a 5.3° (SD: 3.8°; 95%CI: 3.5°, 7.0°) improvement on the right (experimental) side where 85% (n = 17) of the participants experienced an increase DF/SLR ROM of at least 2° (threshold based upon the MDC 95 ). In contrast, using this same MDC threshold, 20% (n = 4) of the participants experienced an increase in DF/SLR ROM on the left (control) side.
Reductions in SLR ROM after the intervention could be a sign of decreased tolerance to mechanical loading and therefore provide a measure of safety of the neurodynamic exercises. Only one participant (5%) had reduced PF/SLR ROM after the intervention that was greater than the measurement error threshold (MDC 95 ) of 2° (PF/SLR ROM reduced by 3°). This participant had no signs of DPN and reported no sensory responses during the neurodynamic exercises. No participants had reduced DF/SLR ROM after the intervention. These data suggest that the neurodynamic exercises were well tolerated.
When comparing the sensory provocation during the SLR, there was no significant difference between the sensory responses before and after the intervention procedures (Figure 3) . Before the intervention, there were no ROM and alter mechanosensitivity in lower extremity neural tissues in this population. Admittedly, the ROM increases seen in the PF/SLR test may be additionally due to non-neural structures accommodating greater elongation, such as the hamstring muscles or the hip joint structures. However, it is theorized that when ankle dorsiflexion pre-positioning reduces the amount of hip ROM (during DF/SLR compared to PF/SLR), this is more reflective of the nervous system's contribution to ROM limitations. 11, 13, 32, 33 Thus, DF/SLR can be used to track changes in ROM that can be, at least in part, attributed to changes in the nervous system's mechanosensitivity. In the present study, the increase in DF/SLR ROM after neurodynamic interventions supports the conclusion that mechanosensitivity improved in these individuals with DM. This for people with DM. Reductions in SLR ROM after the intervention could be a sign of decreased tolerance to mechanical loading of lower extremity tissues. Because only one participant experienced a reduction in PF/SLR ROM (decreased by 3°) beyond measurement error and no participants experienced a reduction in DF/SLR ROM after the intervention, it is evident that the neurodynamic exercises were well tolerated by the participants in this study. There is evidence that various forms of exercise can be safe for people with DM and peripheral neuropathy, [38] [39] [40] [41] [42] [43] but none of these studies investigated neurodynamic exercises. Our findings are the first evidence for the safety of the included neurodynamic exercises for people with DM.
Immediate improvements in SLR ROM suggest that neurodynamic exercise may improve lower extremity mild-to-moderate neuropathy, as rated by the MDNS, without the presence of ulcerations. This sample covers a wide spectrum of patients who may consult a physical therapist with a musculoskeletal disorder that also have DM as a comorbid condition. It is unclear if performing these exercises would be safe in other populations of people with DM such as those with severe neuropathy, ulcerations, or in children. Further research is necessary to elucidate the safety and efficacy of these neurodynamic exercises in different populations.
The limitations present in this study warrant caution when attempting to extrapolate these findings beyond the study sample. Such limitations include not knowing whether functionally relevant improvement is associated with this type of exercise, whether the changes noted would be greater and/or maintained through neurodynamic exercises over multiple sessions, what dosage of such exercises will optimize outcomes, and whether safety and efficacy transfer to other populations of patients who have DM. In addition, we did not control for medications during this single-session trial and the examiner was not blinded to which limb the intervention was applied. Despite these limitations, this is the first study to demonstrate that a single session of neurodynamic exercises can be both safe and effective at creating immediate improvements in lower extremity ROM and improvements in neural tissue mechanosensitivity in people with DM. Results from this study provide a foundation for further investigation into the impacts of neurodynamic exercises in people with DM.
suggests that, despite the presence of DM with or without mild-to-moderate neuropathy, the nervous system has the capacity to adapt and allow for more symptom-free movement. In other words, the results of the study demonstrate that this impairment is not fixed.
Although statistically significant, the approximately 5° average improvement in SLR ROM on the experimental limb may not be clinically meaningful in all patient circumstances. However, there is previous evidence that people with DM have mean reductions in ROM during the SLR of 2° to 13° depending on the testing methods. 11, 13 It is therefore conceivable that a 5° improvement in SLR mobility may be clinically meaningful in some patients as it could at least partially normalize this particular mobility impairment. However, it is also important to recognize that 15-30% of participants did not experience an increase in SLR mobility above the MDC of 2°. Additional research is necessary to determine whether this modest change in SLR ROM has any link to more meaningful functional changes within this population.
Because all five neurodynamic exercises were performed before post-testing of SLR ROM and sensory responses, it is not clear whether the observed changes in the experimental limbs were related to a combination of all five exercises or to the effects of one or more of the exercises. The sequence, number, and order of the exercises were not meant to be used as a protocol, but rather determine the feasibility and safety of each in participants with DM. Since all of the neurodynamic exercises in this study were tolerated well, it is recommended that clinicians choose based on the patient's ability to perform the exercise without provoking any symptoms, similar to the parameters used in this study. Additionally, biomechanical principles can be considered when choosing neurodynamic exercises. Neurodynamic exercises #2, #3, and #5 are likely to have greater biomechanical effects on the lower extremity neural tissues because pre-loading of the nervous system included both hip flexion and knee extension (exercises #2 and #5) or because a knee extension movement was performed with the hip pre-positioned in flexion (exercise #3). 44, 45 Therefore, it would seem reasonable clinically to initially consider these (or other similar) neurodynamic exercises when greater loading of the nervous system is indicated and tolerated. Neurodynamic exercises #1 and #4 (or other variations) could be explored when those initial exercises are not tolerated. Further research is needed to determine optimal neurodynamic exercise choice (or combinations of neurodynamic exercises) and appropriate dosage for improving outcomes in patients with DM. Furthermore, it is necessary to determine the safety of performing neurodynamic exercise over multiple treatment sessions and whether that can lead to greater and longer-lasting improvements in lower extremity ROM in this population.
It is important to note that the present study sample included adults with either no neuropathy or
